Bladder urine is normally sterile, and when as many as 10,000,000 bacteria are placed within the bladder lumen of normal men or animals the bacteria are cleared promptly.1" Recently, it has been demonstrated that when normal rats are undergoing water diuresis, as few as 10 E. coli may multiply rapidly and persist in the urinary tract for prolonged periods of time.' Despite the persistance of bacteria in large numbers for up to three weeks and the recovery of 104 -105 or more bacteria from the kidneys of these animals, no gross evidence of renal tissue infection was observed.
The purpose of the present study was to repeat these experiments in mice to determine if water diuresis impaired the clearance of E. cold from the bladder urine of a different animal species and if substantial renal damage was likely to result from prolonged bacteriuria.
The experimental design was similar to that of the previous experiments in rats. E. coli were inoculated directly into the bladder lumen and morphological and bacteriological studies were carried out after 4 days and after 3 weeks in mice undergoing water diuresis (drinking 5% glucose) and in controls (drinking tap water).
MATERIALS AND METHODS
Albino male mice, Swiss strain (random bred, I.C.R., specific pathogen free, Yale University) weighing 30-40 grams served as experimental animals in all studies. The test organism, E. coli, has been used for studies of experimental pyelonephritis in this laboratory for many years and has been characterized previously.' The inocula for these experiments were derived from a 4y2 hour broth culture diluted to achieve desired bacterial concentrations. Bacteria were enumerated by preparing agar pour plates of serial tenfold dilutions and counting the number of colonies after 24 hours of incubation.
Animals were anesthesized with ether, the abdomen shaved and prepared with 70% alcohol, and the bladder exposed. Urine was aspirated through a 27 gauge needle.
With a second syringe, 0.05 ml. of the bacterial inoculum was introduced into the bladder through the same needle. In this way, only one bladder puncture wound was made. The kidneys, ureters, and urethra were not manipulated in any way during the procedure so as to avoid renal damage or urinary obstruction. After closure of the abdomen the animals were returned to their cages and allowed to eat and drink ad libitumi.
At the end of an experiment the urinary bladder was exposed and a urine sample taken for culture. Blood was aspirated from the heart and 0.5 to 1 ml. was mixed with warm agar in a pour plate. Both kidneys were then carefully removed, placed in sterile Petri dishes, sectioned longitudinally and examined for gross lesions. The kidneys were homogenized in 1.7 ml. of sterile 0.85%o saline to prepare a 1:10 dilution of whole kidney. Subsequent tenfold dilutions were made with sterile saline and appropriate dilutions mixed with melted agar. After incubation of the pour plates at 370 for 24-36 hours, colonies were counted and the organism identified using Simmon's citrate and Kligler's iron media.
Urine glucose was tested with URISTIXS®D and blood glucose was determined in the hospital laboratory by the glucose oxidase method.
RESULTS

Chronic water diuresis
A chronic state of water diuresis was achieved by permitting mice free access to 5%o glucose as their only source of drinking water. Controls were given free access to tap water. Both solutions were autoclaved and changed daily. Animals were caged in groups of six. The amount of 5%o glucose solution consumed in a day by a group of six mice varied between 180 and 200 cc., whereas mice drinking tap water drank between 85 and 130 cc. per day. The urine of mice drinking 5%o glucose had a specific gravity below 1.020 and was never found to contain glucose. The urine of mice drinking tap water always had a specific gravity of at least 1.045. Non-fasting blood sugar values in 11 mice drinking tap water averaged 126 mg/100 ml. with a range of 98-187 mg/100 ml. In 11 mice drinking 5%o glucose for 8-9 days the average non-fasting blood sugar was 127 mg/100 ml. with a range of 100-173 mg/100 ml.
Effect of zater diuresis on clearance of bacteria from bladder urine
The first series of experiments was designed to determine the effect of water diuresis on the clearance of bacteria from the bladder urine. Water diuresis was established by permitting a group of mice free access to 5% glucose for 3-4 days. At the end of this period, 103 or 104 E. coli were introduced into the urinary bladder in mice undergoing water diuresis and in controls drinking tap water. Both groups were maintained on their differ-ent drinking solutions for four additional days, at which time bacteriological studies were undertaken.
Bacterial cultures demonstrated large numbers of bacilli in the urine and kidneys of animals drinking 5% glucose solution, whereas bacteria were only rarely recovered from the urine and kidneys of animals drinking tap water (Table 1 ). There was no gross evidence of renal infection in any of the mice. In those instances where bacteria were recovered from animals drinking tap water the total number of viable bacterial units per kidney or per milliliter of urine never exceeded 50. Blood cultures were sterile in all instances. At the time of bacteriological study the bladders of mice drinking glucose were sometimes distended up to a volume of 1.5 cc. However, no evidence of hydro-ureter or hydronephrosis was observed.
Effect of chronic bacteriuria on the kidney Since large numbers of bacteria were recovered from the kidneys and urine without gross evidence of infection in mice drinking 5% glucose for only four days, it was decided to determine the effect on the kidney after a longer period of bacteriuria. Nineteen mice were continued on 5% glucose drinking water over a three week period following the introduction of 104 E. coli into the bladder urine. A similar number of E. coli were injected into the bladder of eighteen mice drinking plain water. Nine of the nineteen mice drinking 5%o glucose had evidence of urine infection ( In eight animals, 10 kidneys had multiple abscesses easily visible on the surface of the kidney (Fig. 1) . The abscesses occupied the greatest area in the cortex and had the usual wedge shape extending into the papilla. The lesions were segmental, alternating with zones of normal appearing kidney.
The intervening zones of normal renal tissue were substantiated on microscopic study of tissue sections.
Papillary necrosis was an additional finding in four of the 10 kidneys (Fig. 2) . In one instance the papillary necrosis involved only a protion of the papilla. There was no evidence of extrarenal obstruction in any of the animals.
Bacterial contamination of the drinking water, hydronephrosis and renal damage in mice drinking 5% glucose Among the possible explanations for the increased susceptibility to infection in animals drinking 5% glucose, the first considered was the role of bacterial contamination of the drinking water. Bacterial growth in 5%o glucose drinking bottles had been demonstrated previously.' The 5%o glucose drinking water was intentionally contaminated with 1.0 ml. of nutrient broth containing 108 E. coli per bottle of 500 cc. Thirteen mice were allowed access to this contaminated 5%o glucose for four days and then had sterile saline injected into the lumen of the bladder. After an additional 21 days, during which time the mice received only contaminated drinking water, cultures of the kidneys and urine were sterile. Thus, it was evident that bacterial contamination of the 5%o glucose drinking water could not, in conjunction with a sham operation, account for the production of urinary infections.
The bladders of mice drinking 5%o glucose were frequently distended. Although hydro-ureter and hydronephrosis were never observed, the possibility existed, nevertheless, that distention of the ureters or renal pelvis might be present and yet not be obvious at laparotomy. Consequently, intravenous pyelograms were obtained in 3 normal mice, 3 mice drinking 5%o glucose for 21 days, and 6 mice drinking 5%o glucose who were inoculated with E. coli into the bladder lumen and examined 21 days later. In the 6 mice drinking 5% glucose, 5 had positive urine cultures and 3 had single kidneys with gross evidence of pyelonphritis. In two of the three instances where gross abscesses were observed the kidney was not visualized by pyelography. However, the opposite kidney of these animals and all kidneys in the others appeared normal, without distention of the renal pelves or ureters. Examination of the urinary system of these animals immediately after the X-rays were taken confirmed the absence of any evidence of hydronephrosis or hydro-ureter. Thus, although hydronephrosis and hydroureter were not observed in animals without pyleonephritis, it is not possible to definitely exclude some abnormality of ureteral function on the side of the kidneys with gross abscesses. The evidence would appear to be against this possibility, however.
An additional experiment was carried out to test whether drinking 5%o glucose might have induced some increase in renal susceptibility to infection. This possibility was examined by testing susceptibility to pyelonephritis after the intravenous inoculation of 108 E. coli in 12 mice drinking 5%o glucose for 7 days and in 12 control mice drinking water. After four days, bacteriological cultures of the urine and both kidneys were sterile. Thus, as measured by susceptibility to infection following intravenous challenge, drinking 5%o glucose does not increase renal susceptibility to infection.
DISCUSSION
These experiments confirm similar studies in the rat which demonstrated a remarkable decrease in the ability of animals undergoing water diuresis 235 to clear E. coli from the bladder urine. The many possible explanations that may be invoked to explain this phneomenon have been discussed elsewhere, but it is not clear which of the known factors are critical.'
In previous experiments on rats, kidney infection was not evident after three weeks of continuous bacteriuria, during which time it was likely that large numbers of bacteria were frequently in contact with the renal pelvis.
In the mouse, however, large numbers of bacteria in the urine in association with water diuresis results in severe pyelonephritis. It is important to emphasize that the micro-organism used in the present experiments has been maintained in the laboratory for over 10 years and is relatively avirulent. It has never produced pyelonephritis by intravenous inoculation in normal animals, nor was it able to cause infection when given intravenously to animals with potassium deficiency.'
The pathogenesis of pyelonephritis in the present studies is probably in part related to the ease with which vesico-ureteral reflux occurs in small animals. Reflux of urine from the bladder up the ureters is well known in rats and the unusual vulnerability of the fornices has been demonstrated by others."' '7 In other studies of the pathogenesis of ascending pyelonephritis the bacterial inoculum employed contained 108 -109 viable microbial units and a large enough volume of culture was infused through a urethral catheter to insure reflux of the full strength inoculum up the ureters. In addition, it has been found that urethral catheterization in the rat combined with procedures to insure ureteral reflux can result in "spontaneous" kidney infections with organisms normally residing in the urethra. 8 On the other hand, the production of pyelonephritis in the present experiments does not involve urethral catheterization and is accomplished with inocula that are likely to be encountered clinically. In addition, if reflux from the bladder up the ureters is an important factor in the present In contrast to the experiments presented in this report there are invitro data9 which indicate that decreasing the osmolality of the urine (and, therefore, the renal papilla) might protect against pyelonephritis. In addition, there are studies in animals which demonstrate the protective effect of water diuresis in certain types of pyelonephritis.'0-On the other hand, the animal experiments employed hematogenous infections with gram positive cocci or proteus infection, a model known to be associated with a high rate of stone formation. These experimental systems are different from the one employed in the present studies. The question as to which of the models is most applicable to urinary infection in man is not known. However, since the production of pyelonephritis following the introduction of gram negative bacilli into the bladder urine is similar to events which have .. Hematoxylin and eosin X 300. been described in man,"3 it seems pertinent to reconsider the common practice of increasing fluid intake in the treatment of urinary infections.
SUMMARY
When E. coli were inoculated into the bladder urine of normal mice they were cleared rapidly. If, however, the mice were undergoing water diuresis, bacteria were able to multiply and persist in the bladder urine leading to the development of severe pyelonephritis and papillary necrosis.
